s:: ~nz _. Interest ir)' inelastic x-ray scattering has been stimulated by the development of tunable synchrotron radiation sources. Observations to date have been largely confined to scattering of higher energy x-rays (-keV) by bound electrons (L shell electrons), [1, 2, 3] though reports of an inelastic scattering process that conserves crystal momentum has been reported fur S~ diamond and graphite. [ 4, 5, 6 ] A general theory of inelastic processes fur x-rays has been developed by .Abeig and . Tulkki, which quite nicely accounts for inelastic scattering observed in localized atomic and molecular syste~m in the vicinity of the K absorption edge. [7, 8] Threshold phenomena observed in solids to date can be divided into two general classes depending on whether they involve states localized in crystal momentum (k-space) or real space. Recent attention has focused on the k-conserving processes in covalently bonded materials. In this paper, we describe inelastic scattering processes that occur well below threshold in hexagonal boron nitride (h-BN), a system with a strongly localized excited state. Similar phenomena have also been observed in B 2 0 3 and other oxide systetm and will be reported elsewhere. [9] Using x-ray fluorescence detection and a large band-pass (= 2 e V) monochromator, O'Brien et aL [lO] measured large energy shifts in the fluorescence spectra of h-BN and B 2 03 for excitation of B ls electrons into the core exciton states. The energy shift was discussed in terms of "spectator" versus "ncirmal" emission. The excitonic electron, bound in a localized orbital near the core hole, acts as a spectator electron which changes the screening and causes an energy shift of the "normal" fluorescence spectrum. The contribution of phonon relaxation effects to the observed energy shifts were also d~ but could not be separated unambiguously from the exciton effects. Substantial changes in the shape of the h-BN spectrum were also noted but not discussed in any detail. In other reports, the very large magnitude of the exciton resonance fluorescence peak in h-BN has been documented, but little attention was paid to the valence fluorescence spectrum. [ll] Equipped with a monochromator of much higher resolution and flux, we have been able to extend the near threshold studies in h-BN and 8 2 0 3 • Using monochromatized light of 0.3 eV bandwidth near the B ls threshold, we have discovered inelastic scattering at excitation energies many eV below the exciton resonance. For both materials, but more dramatically in h-BN, it generates a band of inelastically scattered photons which maintains a constant shape and moves in energy with the excitation energy. The intensity of the inelastic band increases to a maximum at the elastic excitonresonance-fluorescence peak, where additional structure is also observed. The inelastic phenomena are very much like previous observation$ in Mn and Cu at the K absorption edge. [2, 3] These results provide a clear, unambiguous example of Raman scattering in the soft x-ray range in very simple solid systems, and provide a textbook study of the inelastic scattering processes predicted by Aberg and Tulkki, as they evolve from normal inelastic Raman scattering below threshold, through resonant Raman scattering at the exciton or Ryderberg states to ordinary fluorescence at excitations well above threshold. In so doing, they also demonstrate that these phenomena should be present in solid systems, when weak screening permits the creation of localized states in the excitation spectrum.
h-BN is a layered structure similar to graphite, in which strong sp , .. Soft x-ray 'emission spectroscopy using photon excitation, i.e. soft x-ray fluorescence (SXF) has a number of unique properties. It provides information on the de~ity of states that is selective for both chemical species and angular momentum and thus is especially valuable for the study of the electronic properties of complex materials. Both exciting and emitted photons penetrate many atomic layers, so that it is a bulk probe that is relatively insensitive to surface structure and contamination. Compared with electron excitation, photon excitation improves chemical selectivity, reduces damage of fragile materials, and eliminates the Bremstrahlung background which can badly obscure very weak spectra. Of greatest significance for this study, the photon in -photon out technique permits the study of the coupling of the exCitation and emission processes that occurs near threshold in many materials. Traditionally, SXF spectroscopy has been severely limited by weak excitation sources and low radiative yields ·of the emission process. However, with the development of intense undulator-based synchrotron radiation excitation sources and improved spectrometers, many new experiments are now feasible.
The experiment was performed on beamline 8.0 at the Advanced Light Source (ALS). The beamline consists of a 89 period, 5 em undulator, a spherical grating monochromator, and our soft xray spectroscopy endstation.
[13] The energy reSolution of the monochromatic light used for excitation was set at 0.3 e V for these experiments. Emitted radiation was measured with a Rowland circle type spectrometer utilizing large spherieal gratings and a photon counting area detector. For these measurements, the spectrometer was· operated at a resolution of 0.6 e V for the boron K edge. The photon flux incident on the sample is monitored by photo-current from a gold coated screen inserted in the beam immediately upstream of the sample. In Fig. 1 , the SXF spectra of h-BN attributable to inelastic-scattering and valence band fluorescence excited with photon energies near the boron K edge are shown. All spectra shown are normalized to the exciting photon flux, and labeled by the excitation energy used for each spectrum.
(For clarity, the intensity of elastic peaks are reduced by a factor of 100 in the figure). The principal feature of the elastic peak is the very strong resonance observed at 192.0 e V when boron 1s electrons are excited into the exciton state derived from the boron' n* orbitals. The intensity of the elastic peak increases by a factor of about 400 between the 186.8 eV excitation and the resonance excitation at 192.0eV.
For all excitation energies below the resonance energy of 1920 eV, the inelastic spectrum shows two peaks (A and B) separated by 5 eV and a much more intense elastic peak (E) at higher energy. These inelastic spectra exactly track the excitation energy, so that the upper peak of the inelastic spectrum (B) maintains a constant separation of 11 e V below the elastic peak (E). At the resonance energy, a new feature appears in the inelastic spectrum in the form of a high energy shoulder (C) at about 2.5 e V above peak B. At higher excitation energies, shoulder C disappears as the excitation moves off resonance, and then reappears as part of the normal fluorescence spectrum that is observed for excitation energies above 193.7 eV. For 193.7 eV and higher excitation energies, all three spectral features (A,B,C) are broadened and fixed in energy position. These spectra are characteristic of spectra that are generated when core electrons are excited into delocalized conduction band stateS, and the excitation and emission processes are effectively decoupled. It is clear from Fig. 1 that both the elastic and inelastic peaks have a resonance maximum at 192 eV. In Fig. 2 , the ratio of the peak B to the elastic peak (E) is shown as a function of excitation 3 < ' . energy. In the inelastic scattering region below about 193 eV, the inelastic to elastic intensity ratio remains approximately constant except directly on the resonance maximum, where the elastic peak is much enhanced. When the excitation is at or above 193 e V, in the normal fluorescence region, the intensity of the fluorescence 'spectrum is decoupled from that of the elastic peak. 1be evolution of spectral features from inelastic scattering features that track the excitation energy to fixed-energy fluorescence features is clearly seen from these spectra. ·
In Fig.· 3, the spectrum of h-BN is shown at resonance to emphasiZe the sideband that appear on the lower edge of the elastic peak. This sideband, indicated by arrows on the figure, gives evidence of electronic and/or phonon· excitations as described further below. The sideband tails off for more than 7 e V to the edge of the SXF spectrum.
S~ SXF transitions obey dipole selection rules, the strong resonance transitions observed at the threshold for amorption are derived from boron p states that contnbute to the conduction band at the conduction band minimum. In h-BN, the core exciton is derived from states at the conduction band edge, which are x* anti-bonding states derived from the boron Pz otbitals.£12] 1be inelastic spectra observed below the threshold resonance at 192 eV in h-BN can be understood to be of the type described by Aberg and Tulkki and commonly referred to as electronic Xray Raman spectra. To establish this interpretation, we need to understand the nature of the electronic -transitions responsible for the energy loss. The energy separation between the inelastic features and the elastic peak indicates that these transitions occur from valence band states to x* valence exciton states, consisting of an electron bound to a valence hole. The model we propose is illustrated in Fig. 4 .
Process (a) is the inelastic Raman scattering process below threshold; process (b) shows the resonant "spectator" fluorescence process that produces the ·same final state as the X-ray Raman process for excitation into the exciton resonance; and process (c) illustrates the normal fluorescence spectrum.
Fig
. 5 compares h-BN SXF spectra below, at, and above resonance with the calculated boron p-lik:e projected density of states for cr and x electrons. Spectral energies are aligned to the central maximum of the spectra and the calculated density of states. The comparison indicates that for Raman scattering below resonance, the measured spectra are due to transitions from cr valence states to the x* valence exciton state, assumed to be approximately degenerate with the core exciton. The x to rc* . · transitions are forbidden in the inelastic scattering process, as would be expected on symmetry considerations for a two dimensional solid.
[6] On resonance, a significant x component is also seen in the spectrum. Two fuctors may contribute to this result. On resonance, the lifetime of the core hole is greatly increased, and the spectator fluorescence de-excitation channel is opened. Other work [10, 15] has indicated that core-hole lifetimes in boron compounds are sufficiently long to permit phonon effects (lattice relaxation) to play a role in relaxing selection rules. For excitation between the exciton resonance and the conduction band minimum, the rc-rc* contributions are again suppressed. Finally, for excitation to the conduction band, both cr and rc electrons contribute to the spectra. Another feature ofthe resonance spectrum ofh-BN is of significant interest. A broad shoulder (E') is observed extending to lower energy from the elastic peak. Because of the large energy losses involved, we suggest that this shoulder is associated with a decay process in which the excitonic electron decays into the conduction band, rather than into a valence exciton, though lattice relaxation effects may play a role.(see Fig. 4b Figure Captions Fig. 1 The boron K soft x-ray fluorescence spectra of h-BN for excitation near threshold . Labelled features are discussed in the text. 'The elastic peak heights of all spectra are reduced by a factor of100. Fig. 2 h-BN spectral parameters vs. excitation energy. Square: the elastic peak (E) maximum (reduced by a factor of 1 00); Circle: the ratio of inelastic/fluorescence intensity maximum (peak B) to elastic peak maximum (peak E); Fig. 3 Soft x-ray fluorescence spectra of h-BN with excitation at the exciton resonance showing sidebands (E~ on elastic peak. Photon Energy ( e V) Excitation Energy ( e V) Fig. 2 ... 
